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1.0  INTRODUCTION 


1.1  EXPERIMENTAL  AIMS 


The  aim  of  this  experimental  program  is  to  demonstrate,  if  possible,  a 
new  volume  source  of  Li~  ions.  The  motives  for  this  are  three-fold: 

1.  Such  a  source  would  have  the  potential  for  being  very  'cold'  and 
hence  would  be  ideal  for  the  generation  of  highly  directional  neu¬ 
tral  beams  in  space. 

2.  A  source  of  Li“  ions  would  be  of  interest  in  the  Mirror  Fusion 

(21 

program  '  as  leading  to  more  efficient  reactor  configurations. 

3.  There  is  intrinsic  interest  in  new  methods  for  the  volume  production 
of  negative  ions  in  general.  The  work  with  Li  would  be  an  excellent 
paradigm  for  the  other  alkali  metals.  Being  a  molecule  of  rela¬ 
tively  few  electrons  there  could  be  a  benefit  from  this  experiment 

to  the  development  of  theoretical  models  of  dissociative  attachment. 

•  2 

Based  on  the  anticipated  curve  crossing  of  the  repulsive  Li2  Lg 
state  with  the  bound  Li^  X  '  state  (Figure  1)  a  high  rate  of  dissoci¬ 
ative  attachment  is  expected  for  vibrational ly  excited  Li2  molecules,  by  the 
following  process 


Li2  X  (v*)  +  e“  >  Li  +  Li 


(1-1) 


With  reference  to  Figure  1  it  may  be  seen  that  the  threshold  vibrational  level 

for  zero  energy  dissociative  attachment  is  somewhere  above  v  =  16.  Its  pre- 

_  3  + 

cise  location  depends  upon  the  as  yet  unmeasured  portion  of  the  Li^  t'g 


Ti  'Proposal  for  Experimental  Study  of  Dissociative  Attachment  in  Optically 
Pumped  Lithium  Molecules,'  AERLP  553,  September  1981. 

2.  'Light  Atom  Neutral  Beams  for  Tandem  Mirror  End  Plugs,'  Post,  D.E., 
Grisham,  L.R.,  Santarius,  J.F.,  and  Emmert,  G.A.,  Nucl.  Fusion,  3 

(1983). 
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repulsive  potential.  If  attachment  occurs  at  threshold,  the  Li  and  Li~  pro¬ 
ducts  share  equally  a  total  kinetic  energy  of  «  0.3  eV,  so  that  very  cold 
(0.15  eV)  Li”  are  produced. 

It  was  proposed  by  AERL^^^  to  create  a  population  of  metastable 
Li^  X  (v*) 

states  in  an  optically-pumped  supersonic  Li  beam,  and  to  introduce  electrons 
by  multiple-step  photoionization  of  Li  in  the  beam.  A  supersonic  beam  is  nec¬ 
essary  for  several  reasons: 

1.  Li^  (v*)  is  completely  metastable  in  the  collision-free  part  of 
the  beam,  and  hence  a  large  v*  population  may  be  maintained  for  a 
reaction  time  of  many  tens  of  microseconds. 

2.  The  beam  aensity  is  low  (~  1  x  10  cm~^)  and  the  beam  has  only 

a  few  centimeters  of  lateral  extent,  so  that  Li~  ions  may  be  ex¬ 
tracted  laterally  into  vacuum  without  excessive  collisional  destruc¬ 
tion. 

3.  The  vibrational  manifold  of  Li^  molecules  in  the  beam  is  relaxed 
almost  completely  to  the  v  =  0  state,  and  the  rotational  temperature 
is  relaxed  to  the  30°K  to  150°K  range,  giving  a  compact  band  struc¬ 
ture  of  optical  excitation  of  Li^  via  the  X  -  B  absorption. 

The  method  proposed  for  optical  excitation  is  to  pump  the  Li^  (X  -  B) 
band  and  take  advantage  of  the  favorable  Frank-Condon  factors  for  radiative 
3  >  X  decay,  which  leave  50  percent  of  pumped  molecules  in  a  close  group  of 
vibrational  states  in  the  X  manifold.  Figure  1  illustrates  this  process  for 
three  different  pump  wavelengths. 

An  experiment  which  creates  these  conditions  has  been  constructed  and 
operated  in  the  first  year  of  work  on  this  program  at  AERL.  The  current  state 
of  progress  is  reviewed  in  the  following  subsection,  which  overviews  the  more 
'"'^'tailed  discussions  of  Section  2  and  Section  3. 

1.2  OVERVIEW  OF  EXPERIMENTAL  PROGRESS  TO  DATE 

To  date  we  have  placed  on  experimental  upper  bound  on  the  dissociative 

_p  "5  _  ] 

ittachment  rat'-*  constant  from  v  -  11  of  <  2.4  x  10  cm  /sec 
I  Section  3.7),  a  number  which  reflects  the  rather  poor  resolution  of  our  ini¬ 
tial  experiments.  In  these  experiments  we  have  employed  two  different  lasers 
‘  r  i'pf'cal  pumpinq: 
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1.  A  N^-pumped  dye  laser,  which  only  accessed  w  8  percent  of  the 
Lip  population  (Section  3.5). 

2.  A  flashl amp-pumped  dye  laser,  which  pumped  up  to  40  percent  of  the 
Lip  molecules,  but  had  operating  defects  which  greatly  hampered 
the  collection  of  data  (Section  3.6). 

In  spite  of  its  deficiencies  the  broad-band  pumping  with  the  flashlamp 
dye  laser  permitted  the  best  experimental  resolution  and  is  the  route  proposed 
to  reach  a  sensitivity  down  to  10  cm  /sec  in  future  experiments 
(Section  4.0). 

After  some  initial  difficulties  the  recirculating  Li  beam  apparatus 
worked  well,  and  according  to  general  expectation.  To  our  knowledge  this  is 
the  first  slit  nozzle  Li  source  with  recirculation  to  be  built.  Its  uses  for 
Lip  spectroscopy  are  many  and  one  of  the  most  significant  is  proposed  in 
Section  4.2:  measurement  of  the  photoionization  spectrum  of  the  Lip  (B) 
state. 

The  density  and  temperature  of  the  supersonic  beam  in  the  experimental 
region  (10  cm  from  the  slit  nozzle)  have  been  characterized  in  some  detail 
(Section  3.1).  This  procedure  was  necessary  in  order  to  gain  a  quantitative 
estimate  of  the  Lip  (v*)  density,  and  hence  of  k^^.  The  rotational  temp¬ 
erature  was  estimated  by  comparison  of  the  Lip  spectrum  with  computed 
band  spectra  (Section  3.4).  This  represents  the  first  available  temperature 

information  on  a  slit  nozzle  beam  of  alkali  dimers.  It  also  represents  the 

+ 

first  observations  of  a  Lip  spectrum  via  tunable  two-step  photoionization. 
(Previously  the  two-step  process  had  been  observed  in  a  hot  effusive  beam  with 
Ar^  ion  laser  excitation.) 

The  limited  resolution  obtained  to  date  is  due  to: 

1.  Operation  of  the  Li  oven  at  800°C  rather  than  its  maximum  of  920°C 
because  of  a  fault  in  the  heating  system  which  requires  stripping 
down  for  repair.  To  strip,  re-assemble,  bake,  re-charge  with  Li  ana 
bring  the  oven  to  temperature  takes  up  to  2  weeks.  As  a  result  of 
the  reduced  temperature  the  Lip  (v*)  density  was  lower  by  8  times 
than  the  maximum  obtained. 

2.  Unsatisfactory  performance  of  the  existing  flash  lamp-pumped  dye 
laser,  as  discussed  in  Section  3.6,  which  led  to  a  10  times  increase 
in  background  noise. 
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3.  The  use  of  small  laser  beam  radii  (0.1  cm)  which  gave  a  reduced 
e“,  Li^  interaction  time  due  to  rapid  expansion  of  the  plasma 
column  (Section  3.3).  With  0.5  cm  beam  radius  a  five  times  longer 
interaction  period  is  available. 

The  net  effect  of  the  above  three  items  together  was  to  reduce  the  ex- 

'  O 

perimental  resolution  by  more  than  a  factor  of  10  .  Further  experimentation 
using  a  new  laser  will  enable  k 

^  un 

using  Li  photoionization  (Section  4.1). 

In  conclusion,  although  we  consider  that  good  exr 
been  made  to  date,  there  is  scope  for  further  work  in  \ 
proved  results  should  be  obtained. 


<  10~^^  cm^/sec  ^  to  be  resolved 


mental  progress  has 
ih  considerably  im- 


With  respect  to  Li  source  performance,  a  k„  va'' 

9  -3  -1 

would  be  good,  whereas  10  cm  /sec  would  be  on  the 


10  ®  cm^/sec  ■* 


,  sioe.  In 

theory  there  should  be  high  enough  rates  from  the  vibrational  levels  close  tn 
the  curve  crossing  point.  The  experimental  aim  is  to  seek  the  appropriate 
levels. 


l.J  SLW'AKY  OF  FI  TURt  EXPERIMENTS 

As  detailed  in  Section  4.1  there  is  considerable  scope  for  increased 

sf'nsi t i V i ty  in  the  present  measurements  of  dissociative  attachment.  A  contin 

nation  of  the  present  program  is  proposed  in  which  higher  Li^,  and  electron 

densiTies  are  to  be  used  in  a  geometry  which  allows  a  longer  time  for  interac 

-13  3  -1 

tion.  The  resolution  level  is  calculated  to  be  1  x  10  cm  /sec  . 

It  is  proposed  (Section  4.?)  to  take  advantage  of  the  present  experi- 
n'Pntdl  capability  to  perform  a  new  and  fundamental  measurement  of  molecular 
f hnf oionizdt ion,  ^rom  the  li^  (B)  state. 

If  dissociative  attachment  is  observed  in  the  proposed  experiments,  mea 
surements  will  be  made  of  its  vibrational  state  and  electron  temperature  rie- 
oendence,  with  a  view  to  providing  a  framework  for  the  design  of  future  Li~ 
sources . 
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2.0  EXPERIMENTAL  APPARATUS 


2.1  DESIGN  OF  A  RECIRCULATING  LITHIUM  VAPOR  SOURCE 

The  vapor  pressure  of  lithium  required  to  provide  a  reasonably  dense 
supersonic  lithium  beam  that  contains  a  reasonably  large  fraction  of  lithium 
dimers  is  on  the  order  of  10  torr.  At  this  pressure  and  with  a  slit  source 
area  of  about  0.1  cm'^,  the  mass  flow  through  the  slot  is  on  the  order  of 
100  g/hr.  In  order  to  provide  reasonable  experimentation  times,  one  must 
either  use  inordinately  large  amounts  of  lithium,  or  employ  some  form  of  re- 
c  i  rc  u  1  a  t  i  o  n  . 

We  have  chosen  the  latter  course,  since  it  avoids  the  necessity  of 
Handling  large  quantities  of  lithium,  which  is  a  hazardous  material.  Recircu¬ 
lation  systems  can  be  constructed  utilizing  pumps  to  force  the  liquid  metal 
back  into  the  source  oven,  or  utilizing  gravitational  forces  to  retrun  the 
liquid  to  the  oven.  The  latter  approach  is  less  complex  and  requires  a  much 
smaller  apparatus.  This  fits  well  with  the  vacuum  system  and  laser  sources 
that  are  available  for  the  lithium  negative  ion  source  experiments. 

"he  vapor  source  must  be  heated  to  temperatures  of  up  to  lOOO^C  during 
ope  ation.  In  order  to  obtain  a  sufficiently  high  vapor  pressure,  electron 
comoarcment  rather  than  resistance  heating  was  chosen  as  the  heating  method, 
since  the  necessary  power  supplies  were  already  available,  and  we  have  had 
considerable  experience  with  electron  bombardment  heating  of  a  uranium  vapor 
Sou  rc  e . 

The  vd^'Or  source  is  shown  ’n  Fi  2.  The  electron  bombardment  is  pro¬ 
vided  by  1C  rilaments,  operated  in  t  rc,  with  the  filaments  being  maintained 
at  a  negative  potrntial  and  the  source  grounded.  The  electron  emission  from 
each  pair  of  filaiitcnts  is  separately  controlled,  so  that  the  source  temper;^- 
ture  cjh  t>e  Iialanced  properly.  Tne  source  is  24  in.  long,  and  the  filaments 
ar-e  separated  by  a  distat;ce  of  '’.2b  in.,  with  the  upper  filaments  being  1.5  ir. 
below  the  top  cf  the  source  crucible.  The  filament  pairs  are  located  opposite 
to  each  other. 
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Figure  2 


Scale  Drawing  of  the  Recirculating  Li  Beam  Source  (Crucible  is 
24  in.  long) 
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The  crucible  was  machined  from  a  2  in.  diameter  bar  of  304  stainless 
steel,  with  a  1  in.  dia'--‘ter  hole  gun-drilled  to  1  in.  from  the  bottom.  The 
return  tube  was  ^^eliarc  V'elded  to  the  bottom  of  the  crucible.  The  heat  shields 
were  constructed  from  304  stainless  steel  pipe.  The  original  design  had  three 
heat  shields,  of  3.5,  4.5,  and  6  in.  outer  diameter,  with  thicknesses  of  0.065, 
0.065,  and  0.25  in.,  respectively.  Two  additional  thin  walled  (0.025  in.) 
shields  were  inserted  in  order  to  reduce  the  overall  power  requirements.  We 
estimated  that  about  2000  W  would  be  required  to  heat  the  crucible  to  a  mini¬ 
mum  temperature  of  900‘'C.  This  is  well  within  the  capability  of  the  filament 
and  power  supply,  which  can  deliver  500  mA  at  6000  V. 

Figure  3  shows  the  details  of  the  source  slit,  skimmer,  and  lithium  col¬ 
lection  system.  The  slit  is  made  up  of  two  stainless  steel  half-circles  which 
are  bolted  to  the  top  of  the  cap  which  is  attached  to  the  top  of  the  crucible. 

A  slit  opening  of  0.025  in.  has  been  used.  A  thin  (0.025  in.)  sheet  of  stain¬ 
less  steel  is  welded  to  the  inner  edge  of  the  collector,  and  is  held  between 
the  top  of  the  crucible  and  the  cap.  In  the  original  design,  the  edge  of  the 
sheet  merely  overlapped  the  collector,  and  sufficient  lithium  penetrated  into 
the  interior  of  the  heat-shielded  region  to  cause  an  electrical  discharge.  In 
operation,  lithium  which  leaves  the  source  and  does  not  pass  through  the  open¬ 
ing  in  the  skimmer  flows  down  the  interior  of  the  cone  and  collects  in  the 
well  of  the  collector.  It  then  flows  through  a  3/16  in.  diameter  tube  into 
tne  3/8  in.  oiameter  return  tube. 

The  system  is  charged  with  ~  4  cu.  in.  of  lithium  metal,  which  when 
melted  fills  the  bottom  of  the  crucible  to  a  depth  of  about  5  in.,  leaving  a 
length  of  15  in.  between  the  top  of  the  liquid  level  ana  the  top  of  the  cruci¬ 
ble.  Thus  we  can  operate  the  source  at  internal  pressures  corresponding  to 
16  in.  of  lithium  or  a  vapor  pressure  of  about  18  tcrr,  which  requires  that 
the  lowest  temperature  of  any  part  of  the  crucible  not  exceed  about  920°C.  we 
estimate,  from  a  thermal  analysis  of  the  cruciDle,  that  the  temperature  midway 
between  the  filaments  will  be,  at  most,  80°C  lower  than  the  temperature  near 
tiie  filaments.  The  measurement  theniiocoupl es  are  located  at  the  level  of  the 
filaments,  so  that  if  the  temperature  of  the  melt  (the  lowest  thermocouple  lo¬ 
cation)  is  920°C,  the  temperatures  at  the  other  thermocouple  location  must  be 
maintained  80  degrees  higher.  In  practice,  the  temperature  difference  will  be 
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less  than  this  because  of  internal  radiation  conduction  and  lithium  vapor  con¬ 
duction.  We  have  observed,  in  early  experiments  v;ith  the  empty  crucible,  that 
the  temperature  of  the  nozzle  is  about  50  degrees  lower  than  the  temperature 
at  the  uppermost  filament. 

In  order  for  the  recirculation  of  lithium  to  occur,  it  is  necessary  that 
the  temperature  of  the  skimmer  and  collector  be  above  the  melting  point  of 
lithium  (186°C).  On  the  other  hand,  if  the  temperature  is  too  high,  the  dens¬ 
ity  of  the  lithium  re-evaporated  from  the  inside  of  the  skimmer  and  the  col¬ 
lector  will  interfere  with  the  flow  of  the  beam  from  the  slit  source.  This 
maximum  temperature  is  estimated  to  be  abut  400°C.  Water-cooled  rings  are  at¬ 
tached  to  the  skimmer  and  collector  to  keep  the  temperature  from  exceeding  the 
1 imi t. 

2.2  OPEkATION  OF  THE  LITHIUM  SOURCE 

The  lithium  source  has  a  very  large  thermal  mass,  in  part  because  it  was 
necessary  to  have  a  thick-walled  crucible,  and  also  to  ensure  that  heating 
power  fluctuations  did  not  affect  the  mean  temperature  appreciably.  As  a  re¬ 
sult,  two  to  three  hours  are  required  to  bring  the  crucible  up  to  operating 
temperature.  If  the  crucible  is  heated  too  rapidly,  the  temperature  of  the 
skimmer,  collector,  and  return  tubing  will  not  reach  the  lithium  melting  point 
before  appreciable  vaporization  has  occurred,  and  lithium  will  collect  in  the 
upper  part  of  the  system. 

The  temperature  at  the  skimmer  is  also  critical  since  it  must  be  above 
the  melting  point,  but  below  that  at  which  re-evaporation  can  become  import¬ 
ant.  If  there  is  excessive  evaporation  the  density  in  the  region  between  the 
source  and  the  skimmer  will  become  large  enough  so  that  interference  with  the 
flow  can  result.  Tiie  skimmer  and  edge  of  the  collector  are  attached  to  water- 
cooled  plates  to  maintain  a  sufficiently  low  temperature. 

In  one  case,  the  oven  was  heated  at  a  total  power  of  1600  W  and  the  liq- 
uifl  temperature  reached  an  equilibrium  value  of  77b°C.  Under  these  conditions 
the  temperature  at  the  upper  filament  was  870'’C  and  the  skimmer  and  collector 
temperature  ranged  frm  272‘'C  at  the  skimmer  opening  to  345°C  at  the  collector. 
Under  these  conditions  the  total  re-evaporation  from  the  skimmer  and  collector 
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was  estimated  to  be  abut  0.1  g/hr,  whereas  the  flow  through  the  slot  was  about 
8  g/hr.  This  amount  of  re-evaporation  is  insufficient  to  adversely  affect  the 
Li  beam.  At  the  highest  temperature  of  the  liquid  (920“C)  we  would  expect 
that  the  skimmer  and  collector  temperatures  would  range  from  325*0  to  410*C, 
with  a  re-evaporation  rate  of  1.15  g/hr,  compared  to  a  flow  of  about  70  g/hr 
through  the  slot.  The  estimation  of  mass  flow  is  discussed  in  Section  3.1 
where  a  worst-case  calculation  of  the  skimmer  evaporation  rate  is  shown  in 
Figure  6,  being  based  upon  a  uniform  highest-temperature  assumption. 

2.3  EXCITATION  LASERS 

A  schematic  of  the  experimental  arrangement  is  shown  in  Figure  4.  Three 
of  the  lasers  are  nitrogen  laser-pumped  dye  cell  oscillator  amplifier  combina¬ 
tions,  and  the  fourth  laser  is  a  flashl amp-pumped  dye  cell  oscillator. 

The  N^-pumped  lasers  are  grating  tuned  with  a  bandwidth  of  about 
0.25  A  and  an  output  of  about  10  pJ  in  a  5  nsec  pulse.  Two  of  these  lasers 
are  used  to  excite  and  photo-ionize  the  lithium  atoms  in  the  extraction  region 
and  the  third  is  used  to  excite  (and  photoionize)  a  portion  of  a  selected 
lithium  dimer  band. 

The  output  of  the  three  N2-pumped  lasers  can  be  combined  with  beam 
splitters  and  focussed  on  a  removable  external  aperture  which  is  in  turn  im¬ 
aged  on  the  extractor  region.  By  this  means  the  overlap  of  beams  and  the  size 
of  the  beam  can  be  controlled. 

For  ionization  of  the  Li  atoms,  lasers  at  671  nm  and  611  nm  were  pulsed 
simultaneously.  The  third  N^-pumped  dye  laser  was  tuned  in  the  range  from 
4500  A  to  4800  A  to  excite  a  portion  of  the  various  ground  state  lithium  dimer 
rotational  bands.  This  laser  was  pulsed  about  0.5  usec  prior  to  the  other  two 
lasers. 

The  fl ashlamp-pumped  laser  was  tuned  by  the  insertion  of  two  pellicles 
(4  pm  and  8  pm  thick,  respectively)  in  the  laser  cavity  and  adjusting  their 
angle.  With  the  8  pm  pellicle  alone  two  possible  wavelengths  could  be  selected 
in  the  fluorescence  band  of  the  laser  dye  (Coumarin  450  or  460)  and  the  second 
pellicle  allowed  selection  of  the  desired  wavelength.  This  laser  had  an  out¬ 
put  of  about  2  mJ/pulse  and  a  duration  of  about  1  psec.  It  was  fired  about 
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Figure  4  Scheniatic  of  the  Lxperimental  Arrangement 
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1.5  usec  prior  to  the  Li  photoionization  lasers.  The  bandwidth  was  measured 
to  be  about  8  A. 

2.4  ION  COLLECTION 

+  +  _ 

Li  ,  L12  or  Li  ions  are  extracted  from  the  Li  beam  by  the  ap¬ 

plication  of  a  pulsed  electric  field.  The  extraction  voltage  pulse  is  applied 
to  two  plane  parallel  mesh  electrodes  as  shown  in  Figure  3.  Ions  travel  down 
a  5  cm  diameter,  20  cm  long  flight  tube  and  are  collected  on  a  plate  which  in¬ 
puts  to  an  electrometer  amplifier.  The  plate  is  at  ground  potential,  but  a 
battery-supplied  bias  grid  1  cm  in  front  of  it  can  be  used  to  control  second¬ 
ary  emission  from  the  plate,  or  low  energy  charged  particles  in  the  flight 
tube. 

Approximately  at  the  mid-point  of  the  flight  tube  there  is  a  region  of 
magnetic  field  perpendicular  to  the  axis  of  the  tube.  This  200  G  crossed 
field  causes  extracted  electrons  to  bend  in  a  radius  of  «  1  cm  and  strike  the 
walls  of  a  honeycomb  insert  in  the  field.  The  field  is  high  for  only  4  cm  of 
the  drift  path  and  ions  are  deflected  by  relatively  small  angles.  It  is  cal¬ 
culated  in  Section  3.2  that  for  an  extraction  voltage  of  2.2  kV  (i.e.,  an  ion 
energy  of  1.1  kV)  that  only  »  25  percent  of  ions  miss  the  collector  plate  due 
to  magnetic  deflection.  When  the  polarity  of  the  extraction  voltage  is  re¬ 
versed  the  electron  signal  is  less  than  the  system  noise  level,  which  repre- 
.4 

sents  <  1  X  10  of  the  positive  ion  signal.  Because  we  may  assume  that 
negative  ions  are  collected  with  the  same  efficiency  as  positive  ions,  the 
resolution  of  the  experiment  is  such  that  we  may  detect  the  attachment  of 
1  in  10^  electrons.  The  chamber  pressure  of  »  1  x  10”^  torr  is  suffi¬ 
ciently  low  for  collisional  losses  of  negative  ions  in  the  flight  tube  to  be 
negl i gi bl e. 

+ 

The  Li  signal  obeys  the  expected  time  dependence  of  a  group  of  parti¬ 
cles  at  1.1  keV.  Generally  we  have  operated  the  signal  detector  at  too  high 
an  impedance  to  resolve  the  time-dependence  of  a  negative  ion  signal,  but  its 
presence  cannot  be  confused  with  the  electron  signal  because  of  the  very  com¬ 
plete  suppression  of  the  latter  in  the  crossed  field. 
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A  'boxcar'  integrator  is  used  to  average  the  60  Hz  data  signal  over 
periods  of  up  to  30  sec.  Line  interference  which  is  present  on  the  signal  due 
to  the  Li  oven  heater  currents  is  subtracted  out  by  a  separate  sampler  immedi¬ 
ately  before  the  photoionization  pulse.  It  was  found  initially  that  the 
1  Msec,  2.2  kV  extractor  pulse  was  coupling  into  the  high  impedance  amplifier. 
This  problem  was  almost  completely  eliminated  by  thorough  electrical  screening 
of  the  leads  within  the  chamber  and  decoupling  of  the  extractor  electrodes 
from  the  flight  tube  body  by  ceramic  standoff  insulators. 
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3.0  EXPERIMENTAL  RESULTS  AND  ANALYSES 


3.1  DENSITY  DISTRIBUTION  IN  SUPERSONIC  BEAM 

In  the  estimation  of  the  dissociative  attachment  rate  constant  the  den- 
sit}  of  Lip  (v*)  has  to  be  known.  Our  approach  has  been  to  monitor  the 
(leL'let’,on  of  Li,  (v  =  0)  and  use  the  known  Franck-Condon  factors  for  B  »  X 
neray  to  calculate  the  fraction  of  those  molecules  removed  from  v  =  0  that 
ends  up  in  a  aiven  excited  vibrational  level  v*.  For  an  absolute  estimate  of 
Lip  (v*)  density  we  therefore  need  to  know  the  initial  Li^  (v  =  0)  density. 

The  Lip  traction  in  the  beam  is  known  from  the  initial  equilibrium 
dimer  to  atom  ratio  in  the  lithium  oven.  Additional  dimers  form  downstream  of 
the  slit  no7zle,  but  we  have  tentative  experimental  evidence  that  these  addi¬ 
tional  dimers  remain  v ibrational ly  unrelaxed  after  formation,  and  hence  do  not 
contribute  appreciably  to  the  v  -  0  population.  This  point  is  of  somewhat  ac¬ 
ademic  interest  in  the  760”C  to  P?U°C  temperature/density  range  of  the  present 
experiments,  where  the  dimer  enhancement  is  only  expected  to  be  from  3  percent 
in  the  oven  to  «  5  percent  downstream.  However  the  resolution  of  this  issue 
by  spectroscopic  temperature  measurements  (Section  3.4)  could  be  important  for 
future  work  at  90D°C,  where  the  downstream  dimer  fraction  could  be  10  percent 
cr  more.  The  calculated  Lip  (v  =  0)  density  will  then  depend  strongly  upon 
whether  tfie  downstream  dimers  are  vibrational ly  relaxed,  or  not. 

We  require  ther>-'tore  to  know  the  Li  density  in  the  experimental  reqion, 
whirh  is  ID  ciTi  downstreain  from  the  slit  nozzle  and  5  cm  downstream  from  the 
skimmer.  This  number  enters  linearly  into  the  dissociative  attachment  rale 
rnnstant  estimate. 

In  order  to  ctmr ar  t er i ze  the  beam  der.sity  distribution  we  measured  the 
niass  flow  of  Li  at  the  rharntier  roof,  33  rm  above  the  skimmer,  by  weiqhinq  the 
Li  deptjsited  on  a  thin  stainless  steel  sheet  in  a  ?()  min  exposure  to  the  beam. 
This  data  was  taken  .t  7r>D°C  oven  temperature.  The  present  density  analysis 
will  first  be  jjerf oriar-d  at  this  teriiperature  and  finally  tie  extended  to  hiqher 
oven  temperatures  ami  beam  densities.  The  data  is  shown  in  Figure  5  where  tht' 
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3.0  EXPERIMENTAL  RESULTS  AND  ANALYSES 


3.1  DENSITY  DISTRIBUTION  IN  SUPERSONIC  BEAM 

In  the  estimation  of  the  dissociative  attachment  rate  constant  the  den¬ 
sity  of  Li^  (v*)  has  to  be  known.  Our  approach  has  been  to  monitor  the 
depletion  of  Lip  (y  =  0)  and  use  the  known  Franck-Condon  factors  for  B  >  X 
decay  to  calculate  the  fraction  of  those  molecules  removed  from  v  =  0  that 
ends  up  in  a  qiven  excited  vibrational  level  v*.  For  an  absolute  estimate  of 
Lip  (v*)  density  we  therefore  need  to  know  the  initial  Lip  (v  =  0)  density. 

The  Li.;  fraction  in  the  beam  is  known  from  the  initial  equilibrium 
dimer  to  atom  ratio  in  the  lithium  oven.  Additional  dimers  form  downstream  of 
the  slit  no?zle,  but  we  have  tentative  experimental  evidence  that  these  addi¬ 
tional  dimers  remain  vibrational ly  unrelaxed  after  formation,  and  hence  do  not 
contribute  appreciably  to  the  v  =  0  population.  This  point  is  of  somewhat  ac¬ 
ademic  interest  in  i‘u-  7bO°C  to  HPO'C  temporature/density  range  of  the  present 
experiments,  where  the  dimer  enhancement  is  only  expected  to  be  from  3  percent 
in  the  oven  to  sr  5  percent  downstream.  However  the  resolution  of  this  issue 
by  spectroscopic  temperature  measurements  (Section  3.4)  could  be  important  for 
future  work  at  ODO'C,  wh^re  the  downstream  dimer  fraction  could  be  10  percent 
or  more.  The  calculated  Li-;  (v  -  U)  density  will  then  depend  strongly  upon 
whether  ttie  downstream  dimers  ar*-'  vibrational  ly  relaxed,  or  not. 

Ue  require  theretore  ti.  krn.w  !lie  Li  dtnisity  in  the  experimental  reqion, 
whirh  is  1(!  Cl',  down'd  re, i-  f  ron'  tin  slit  nozzlc'  ,ind  c  cm  downstream  from  the 
‘.k  ic'imr .  This  nuir;.er  enters  line,,riy  irde  the  disnoriative  attachir.ent  rate 
ori', ;  ofit  est  im,)^e. 

In  or.ler  to  (  n  .ru  i  ir  i /e  the  pe.r'  (:ei,<,  1 1  y  distribution  we  measure's  tti-- 
:■  is',  t  low  o1  !  1  it  ♦  f'e  (ti,)i:i,er  riiet,  -1 .m  ata  ve  the  skimmer,  by  weiohinu  the 
1  i  oepostled  on  .1  ;  n  '.t  i  1  n  1  ess  steel  sheet  in  a  min  exposure  to  ttie  bean. 

Ihi^  dit.i  w  j'.  ’reef  (  yeri  '  er  r.er.it  tire.  The  firpsprit  density  analysis 

wii  first  tie  ient.r.-o  ,it  this  t  eii.(.era*  ore  and  finally  he  extended  to  hi'Ctier 
oven  temperature',  ino  tieam  (teris 1 1  i e-s .  The  data  is  shown  in  Figure  S  where  tto 
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Figure  5  Measured  and  Fitted  Li  Deposition  at  30  cm  above  Slit 
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relative  mass  distributions  parallel  and  perpendicular  to  the  slit  are  plotted 
The  total  mass  flow  of  Li  was  estimated  by  inteqrating  the  sample  weighings 
over  the  entire  collection  area,  and  assuming  that  the  Li  which  was  weighed 
had  formed  either  Li^N  or  LipO  in  the  laboratory  air  prior  to  weighing. 

The  Clark  qrey  Li  film  was  observed  to  turn  light  grey,  and  later  greyish-white 
in  the  atmosphere.  The  following  mass  flows  were  observed  at  the  center  of 
tile  distribution; 


Assumpt ion 
Pure  Li 

LI3N 


L  ipU 


Mass  Flow  of  Li 
0.0028  g/crn^/hr 

0.0017  g/cm^/hr 

,2, 


0.0013  g/cm/hr 

Although  it  would  clearly  be  possible  to  gain  more  precision  either  by 
weighing  in  an  inert  atmosphere,  or  by  the  use  of  different  techniques  (such 
as  the  change  in  resonant  frequency  of  a  crystal  vibrator  within  the  chamber), 
the  above  data  is  in  accord  to  within  ±  60  percent  with  the  beam  density  model 
developed  below. 

The  difficulty  in  modeling  beam  density  downstream  from  the  nozzle  is 
caused  by  the  existence  or  a  transition  from  collisional  fluid  flow,  or  con¬ 
tinuum  flow,  to  free  iiK'lecular  flow  which  typically  occurs  several  centimeters 
downstream  in  our  experimental  conditions.  For  all  oven  temperatures  above 
/U0°f  the  slit  width  (0.06  cm)  is  greater  than  the  mean  free  oath  for  Li-Li 
collisions  (Figure  6)  and  hence  wt-  nay  use  the  continuum  rlcw  equations  tree.., 
tiie  nozzle  and  immediately  downstream. 


1  1’  i  -2 

— S-  -  +  -  u  =  const. 


(3- 


puA  =  const. 


(3-2) 


(3-3; 
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MEAN  FREE  PATH  L  ( 


u  -  Mu  =  M  yR  T 


(3-4) 


where  P  =  pressure;  r  -  nass  density;  u  =  mean  velocity  of  flow;  4  =  cross 
sectional  area  of  flow;  y  =  ratio  of  specific  heats  (5/3  for  Li);  M  =  Mach 
number;  T  =  temperature  in  flow  and  R  =  qas  constant. 

At  the  sonic  point  in  the  nozzle 

\  -  Ty'^TT  ^0 

where  is  the  oven  temiierature,  and  in  general 


1 


■■dUTe  is  the  oven  Li  CeriSity. 

MrsMy,  the  rruoe  mass  1  low  through  the  i.ozzle  may  ih:  estviul'c  iiv  r;;!- 
eiilatira;  ,  u^  at  the  sonic  point.  This  is  shown  it:  rihure  6  ‘'or  s.r 
slit  U-iKith  ot  l.d  cm  and  width  il.Oh  ni'.  For  romp.iri^on,  Itte  .ewti  *  >s  •  e 
leciilar  flow  rate  is  also  showii,  .inn  should  be  applied  rot'  1  ^  . 

Soropdlv,  an  e.,f)it.ate  may  tu-  ituioe  or  the  transition  [uiint  . . 

.iar  flow  by  i',;  I  ii  i  .it  i  no  Ui"  cnllisi.'n  distance  as  a  functicr'  ot  '‘'.eh  . 

which  IS  shown  in  Mthire  /  tor  oven  t  eniperatnres  of  /6(t°r  and  .  i'l'ot  - 

sum  y,  shown  nn  Figure  1  is  the  lieaii;  width  estimated  from  Fg.  (j-ci.  'wt  r> 
i  ec  f  th.U  f  rt'e  molerular  flow  liee.itis  wtien  the  collision  rtistanre  is  ~  I'  times 
the  he.im  transverse  (time-nsion,  (living  .i  rougii  estinate  ot  M  3  for  tht'  tr.ins 
’tinn  point  in  the  /M!“  oven  c.ise.  In  i  tie  plot,  nt  Fiiiurt'  7  we  have  assum.  d  a 
1  i-1  I  collision  sphere  ili.imetfir  (d  .’.S  x  lti~''  (ii'. 
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We  derine,  rathef  arbitrari ly,  a  ‘freezing  radius',  rp,  as  the  radial 
distance  from  the  slit  nozzle  at  which  the  flow  becomes  collisionless.  To  es¬ 
timate  the  density  downstream  from  this  point  an  integration  of  the  free  mo¬ 
lecular  flow  has  to  hf  performed.  This  has  been  done  numerically  for  the 
present  experimental  geometry  and  the  results  compared  with  the  measured  down¬ 
stream  flow  rate  and  distribution.  The  geometry  of  the  integration  is  illus¬ 
trated  in  Figure  8.  The  skimmer  aperture  'vignettes’  the  flow  to  a  given 
point  (x,  y,  z),  and  it  is  included  as  a  constraint  in  the  integration  of  all 
atoms  leaving  the  cylindrical  'freezing  surface'.  The  skimmer  is  5  cm  above 
the  slit  and  its  cirrular  aperture  has  a  diameter  of  1.0  cm. 

We  use  the  velocity  distribution  at  the  freezing  radius: 

^  "y  "z^  =  -S/P  {v/  +  Vy^  +  (v^  -  v^)^  \  ]  (3.7: 

1 

where  b  =  and  v 

\  cK  1  0 

3 

Additionally  we  use  a  cos  e  flux  distribution  on  the  freezing  surface, 
where  e  is  the  angle  off  axis  in  the  y-z  plane.  This  assumption  is  not  criti¬ 
cal  to  the  result,  as  it  approximates  well  to  the  free  flow  expected  from  a 
slit  with  M  =  1  (Figure  9),  which  is  itself  an  approximation  to  continuum  flow. 
(For  comparison,  in  Figure  9,  the  flux  distribution  for  an  M  =  0  free  flow 
rase  is  also  shown.) 

The  details  of  the  free  molecular  flow  integration  procedure  are  lengthy 
but  straightforward  and  will  not  be  presented  here.  There  are  two  variable 
(Uiramt'ters :  the  f’ach  number  M  and  the  freezing  radius  rp .  At  a  distance  of 
33  ciii  above  the  skimmer,  which  was  the  sample  collection  distance  for  the  data 
of  Figure  5,  thi'  comfiuted  x  and  y  variations  are  different.  The  downstreani 
patte'rn  is  oval-shaped  witti  the  lon<)  axis  (larallel  to  the  nozzle  slit.  This 
is  due  to  an  effective  imaging  of  the  cylindrical  frt'ezing  surface  by  the 
'pinhole'  of  the  skimmer  aperture.  It  is  found  that  the  ratio  of  x-  to 
y-d iniensions  of  the  distribution  is  very  sensitive  to  the  assumed  freezing 
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RELATIVE  PARTICLE  FLUX  P/r 


Kigure  9  Angular  Distributions  for  cos^w,  Mach  1  and  Mach  0  Flows 


AVCO  EVERETT 


I'dilius  r^-.  Thr  Mach  number  M  fletermines  the  overall  size  of  the  pattern, 
but  does  not  affect  the  x-  to  y-dintension  ratio.  With  this  information  a 
unique  pair  of  jrp,  M  |  may  be  found  by  fitting  the  computed  distribution  to 
the  experimental  data.  This  fit  is  shown  m  Figure  5  for  the  case  |  M  =  3.9, 

Cp  =  3.0  cm[,  obtained  for  =  760“t.  For  further  information,  the 
x-distribution  dependence  on  M  is  computed  in  Figure  10. 

This  pair  {M  =  3.9;  rp  =  3.0  cm}  at  760“C  is  reasonably  consistent 
with  the  expectation  for  M  and  rp  obtained  in  the  discussion  above  in 
reference  to  Figure  7. 

For  this  pair  of  M  and  rp  the  mean  flux  is  computed  to  be  0.0026  g/cm^/hr 
at  the  center  of  the  sample  plane  33  cm  above  the  skimmer.  This  is  to  be  com¬ 
pared  with  the  measurement  quoted  above,  particularly  that  obtained  in  the 

o 

Li^N  assumption,  0.0017  g/cm/hr.  When  we  allow  for  the  slit  having  an 
(“ffective  width  somewhat  less  than  its  true  width,  due  to  drag  in  the  nozzle 
walls,  the  computed  and  measured  flow  rates  are  in  respectable  agreement. 

Because  the  effective  width  is  not  known  accurately,  all  the  data  on  density 
is  pnesented  for  the  full  0.U6  cm  slit  width.  However,  in  the  use  of  this 
data  for  Li  density  estimation  an  effective  width  of  0.04  cm  will  be  assumed. 

We  have  used  this  combined  flow  model  to  predict  experimental  densities 
at  760°C  as  a  function  of  position  in  the  x-y  plane  at  the  experimental  loca¬ 
tion  5  cm  above  the  skimmer.  Data  along  the  z  axis  is  shown  in  Figure  11, 
alongside  tfie  projection  for  free  molecular  flow  commencing  at  the  sonic  sur¬ 
face.  The  X-  and  y-direction  distributions  at  10  cm  are  shown  in  Figure  12. 

In  the  experiments  laser  light  was  always  incident  parallel  to  the  slit,  i.e., 
in  the  x-direction.  (Visually  the  fluorescence  from  the  beam  was  also  observeo 
to  extend  over  ^  3  cm.) 

An  approximation  to  the  density  behavior  at  higher  oven  temperature  may 

he  made  by  assuming  a  freezing  radius  rp  =  3  cm  and  M  =  3.9,  although  in 

practice,  as  may  be  seen  from  Figure  7  the  anticipated  freezing  radius  increases 

at  900'r  and  with  it  the  Mach  number.  The  use  of  M  =  3.9  with  rp  =  3.0  cm 

at  increasing  T  ,  p  generates  the  data  of  Figure  13  in  the  experimental 
®  13-3 

region,  showing  that  densities  of  >  6  x  10  cm  are  available  at  our  op¬ 
erating  limit  of  900°C.  This  will  be  a  lower  limit  because  the  Mach  number 
and  freezing  radius  will  actually  be  larger  at  this  temperature,  and  the  beam 
more  d i rect i ona 1 . 
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Li  density,  atoms /CM2 


11  Calculated  Li  Density  as  a  Function  of  Height  Above  Slit  Nozzle 
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13  Calculated  Li  Density  10  cm  Above  Slit  as  a  Function  of 
Teniijerature 
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With  reference  to  figure  3  photo-ions  are  created  in  the  cylindrical 
volume  where  the  photoioni?ation  laser  tieam  intersects  the  Li  beam.  After  a 
variable  delay  a  pulsed  voltaqe  of  up  to  ? .?  kV  is  ajiplied  to  the  extraction 
plate  and  ions  are  impelled  into  the  fliqht  tube  through  a  90  percent  trans¬ 
parent  mesh.  Because  thi'y  start  at  the  mid-plane  between  the  extraction  elec¬ 
trodes  their  maximum  energy  is  only  1.1  keV.  The  measured  ion  current  increases 
with  extraction  voltaqe  as  shown  in  fiqure  14.  The  increase  in  collection  ef¬ 
ficiency  with  extractioti  voltaqe  is  due  to  a  combination  of  effects: 

1.  The  maqnetic  field  section  cif  the  drift  tut)e  supf'resses  electrons 
when  negative'  ions  are  being  measured,  but  also  deflects  the  posi¬ 
tive  ions  by  a  voltage-dependent  amount  so  that  they  can  partly  miss 
the  CO  I  lector  plate. 

2.  The  cylindrical  plasma  undergoes  a  rapid  radial  expansion  due  to  the 
plasma  pressure  and  the  perpendicular  velocity  components  can  reduce 
the  ion  collection  efficiency. 

3.  These  are  possible  effects  from  space-charge  limited  current  flow 
(a)  at  the  surface  of  the  plasma  and  (b)  in  the  flight  tube. 

4.  The  ions  are  created  in  a  supersonic  Li  beam  which  has  a  velocity  of 

5  -1 

a  3  X  1(1  cm/sec  perpendicular  to  the  flight  tube.  The  angles 
of  the  ion  patfis  depend  on  the  extraction  voltage. 

These  four  effects  will  be  further  discussed  in  turn: 

1.  The  magnetic  field  section  contains  a  200  6  field  transverse  to  the 
tube  over  a  length  of  4  C:  ,it  a  position  !('>  cir  in  front  of  the  col- 
lectur  plate  (diameft'r  cm}.  Tne  ion  (^yroradius  is  R  =  vM^/qB 
where  q  is  the  ion  chame.  The  defied  ion  angle  is  e  =  4/R  rads  if 
R  is  pxpressec!  in  cent  imet  (>rs .  At  the  maximum  extraction  voltage 

R  -  6/  cm,  e  =  (1.06  rads  and  almost  all  the  ions  are  collected.  At 
an  extraction  voltage  of  60  V  none  of  the  ions  can  reach  the  plate. 
This  effect  is  plotted  in  f  iqure  16. 

2.  The  (ilasma  expands  at  a  velocity  close  to  the  ion  acoustic  velocity 
v'kT^/M^  where  is  the  electron  temperature.  The  details  of 

the  radial  ve'lotity  profile  are  calculated  in  Section  3.3,  and  the 
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effect  on  the  ion  conectiori  eiticiericy  hds  been  calculatefl  nuneric- 
ally,  usinq  the  output  from  the  plasma  expansion  computation.  This 
effect  is  plotted  in  Fiiiure  15,  where  it  may  be  seen  to  be  smaller 
than  the  maqnetic  field  effect  in  the  conditions  of  this  experiment. 

3.  Space  charge  was  shown  to  be  a  small  eftect  experimentally  by  vary¬ 
ing  the  extraction  pulse  tietween  1  usec  and  10  usec  (Figure  14), 
when  no  difference  in  ion  current  was  recorded.  If  the  ions  had 
been  incompletely  extracted  due  to  space-charge  limited  current  flow 
in  1  usec,  tiien  an  increased  signal  should  have  been  observed  at 

10  usec.  As  to  tne  efft'ct  of  sfiace  chame  repulsion  in  the  drift 
tube,  tins  can  be  shown  to  be  tiegligibly  small  by  calculation. 

4.  At  the  maximum  extracted  iori  energy  of  1.1  kc-V,  the  Li^  velocity 

is  1.7  X  lU^  cm/sec"^,  implying  a  1.4  gsec  transit  time  in  the 

5  -1 

flight  tube.  The  supersonic  beam  velocity  of  ?  x  10  cm/sec 
imposes  an  angle  of  0.012  rad  on  the  beam,  leading  to  a  displacement 
of  0.3  cm  at  the  24  cm  distant  collector  plate.  The  effect  of  re¬ 
ducing  the  extraction  voltage  is  to  eventually  cut  all  ions  off  due 
to  this  angle  increasing.  This  effect  is  plotted  in  Figure  15. 

In  conclusion,  the  combined  effects  of  items  1  through  4  above  lead  to  a 
prpgicted  ion  current  dependence  rather  similar  to  that  observed  in  the  exper¬ 
iment.  The  comparison  is  made  in  Figure  15  where  it  may  be  seen  that  the  ex- 
perinental  data  rises  more  rapidly  tfian  the  calculaten  curve  for  the  combined 
effect.  The  difference  at  high  voltages  might  be  accounteo  for  by  seconaary 
electron  production  at  the  surface  of  the  collector  plate,  which  effectively 
■ihances  the  ion  current.  We  use  this  analysis  to  calculate  a  Li"^  lori  col- 
.'■Ltion  ptiiLiencv  of  63  percent  in  our  experimental  conaitions,  which  is  re¬ 
duced  to  57  percent  when  the  9u  percent  transmission  mesh  is  included.  The 
same  number  applies  to  Li”  collection. 

The  dependence  of  the  Li  signal  on  the  Li  over  vapor  pressure  is 
shnwn  in  Figure  16.  (Pata  taken  at  an  extraction  voltage  of  2.2  kV.)  The  dip 
in  signal  below  a  Li  pressure  of  1  torr  occurs  at  the  transition  region  from 
cpntiniiiim  flow  to  the  molecule  flow  which  occurs  at  s:  70L)°C.  Below  this  terp- 
erature  the  Li  mean  free  path  is  greater  than  the  slit  width,  as  illustrated 
in  Tiqure  6,  and  the  downstream  beam  density  drops  substantially.  The  same 
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I  (kita  is  pilutteci  on  a  li,)riari  tninic  pi..!  as  a  TunrtifHi  nt  1/1  in  Fiqnn-  17. 

+ 

Here  it  may  he  seen  that  the  Li  siqnal  tollows  the  i.i  oven  density  at  temp¬ 
eratures  above  ~  700°C. 

Given  the  Li  beam  density  and  the  exritation  laser  geometry  and  intens- 

+ 

ity  an  estimate  can  be  made  of  the  number  of  Li  inns  to  be  expected.  The 
photoi on i zat 1  on  scheme  is  illustrated  in  figure  18.  The  610  nm!  line  is  more 
intense  than  the  671  nm  line  because  the  dye  is  more  efficient,  and  hence  the 
third  step  is  predominantly  at  610  nm  (assuming  that  the  photoionization  cross 
sectinii  depends  only  weakly  on  waveleruith) .  The  laser  intensities  are  such 
that  both  the  "S  -  P  and  P  D  transitions  are  saturated  during  the 
f  nsec  laser  pulse.  The  ohntoionizat ion  step,  which  has  a  cross  section  of 
«  7  X  lO”^'  cm''"^'^^  is  not  saturatc’ci.  As  a  first  apjirox  idiat  ion  the  popula¬ 
tions  ot  tile  '  T,  P  and  '  i'  states  are  pumpoci  until  they  reach  the  ratio 
(it  their  degenerac  i es.  A  more  detailed  picture  includes  radiative  losses  tri!’’ 
the  Ml  state  to  states  other  than  the  ^P. 

The  Li  transitions  are  Dopp 1 er-hroaoened  with  a  full  linewidth  ot  3.U  Gi-z 
at  the  R;  ISO'K  beam  temperature.  TIk'  lasers  have  a  0.?5  A  bandwidth  ('  IP  GHz). 

The  stimulated  emission  rate  can  be  shown  to  depend  only  on  the  laser  intensity 

2  2 

and  the  spontaneous  emission  rate  for  the  transitions.  Labelling  the  S  -  P, 

9  9  9 

"P  -  ‘II  and  D-ion  transitions  1,  2,  3  respectively,  then  their  stimu- 
lit(H)  t'missiun  rates  are 

f.  =  710  (f  nsecl”^ 

r.  =  300(1  i  (6  nsec)"'^  i3-r' 

"  -1 
I  .  0 . 1  ( ;  j  1  ., )  i  nsec) 

in  which  and  are  ttn'  lasor  t'ncrgies  (in  iisl/cn '  )  delivered  to  lhr‘ 
atocs  and  the  unit  ot  time  is  the  6  nsec  laser  pulse  duration.  The  dcgc-iiera- 
riec  ot  le-vcls  'S,  ^P  and  '  ii  are  4,  6  and  10,  respectively.  If  we  de- 
nete  tiiese  states  by  number  0,  1,  ?  and  the  ion  by  3,  then  equations  "Siy  he 
written  tor  ttie  state  populations: 


3.  ' PTiot ioni zat ion  of  rxcited  Rare  Gas  Atoms',  Duzy,  C.  and  Hyman,  H.A., 

Phys.  Pev.  A  22,  1878  (1980). 
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Figure  18  Three-Step  Photoionization  of  Li 
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"1  =  -  "1  (''l  ^  '^'l  ^  ‘?)/‘^)  ^  ^'^  ^'?  " 

^2  "  '3  *  ^^2  * 

!^3  -  ''313/^3 

in  which  fVj,  (■!,  and  are  the*  '.(/nnt  ani-nus  decay  rates  of  states  1,  3 

ano  3,  ill  time  units  or  b  nsec.  Ut'  iiave  used  the  values  nf  ^  U.l; 

k,-,  -  0.6S;  R-  =  0.6b[.  /'•s  mentioned  above  the  degeneracies  are  tq  = 

••  3  '  '0 

g^  =  6,  =  lCi|. 

Integrating  the  atnive  equal  i'lro,  nun.er ital  ly  we  obtained  the  following 

4  _ 

table  of  data  for  the  fraction  o'  li  atoms  ioni7ed  to  Li  +  e  : 


(mj  cm”^) 

1  In^J  c;;:  '  ) 

fraction  Ionized 

0.01 

i..ni 

0 .  ( '0005 

0.03 

".u3 

o.0(i(i?3 

0.1 

1.1 

i'.0L(-9? 

0.3 

1^3 

O.t'O.’f'.g 

1 

1 

1 

li.i'097I' 

'} 

3 

o.o?yi 

10 

10 

(1.093 

3i 

3u 

O.Lb4 

lou 

100 

0.599 

In  the  experiments  of  b  uJ  pulse  was  incident  at  610  nm  and  a  ?  uJ  pulse 

at  670  nis,  into  a  cylinder  of  radius  0.1  cm.  Assuming  uniform  intensity  tine 

-3  o 

gives  a  fractional  ionization  of  1.0  x  10  .  At  760'C  Li  oven  temperature 

1?  -3 

the  experimental  beam  density  was  9  x  10  Li  atm/cm  and  hence  we  esti- 

8  + 

mate  a  production  of  ?.8  x  10  Li  ions/cm  of  the  laser  beam.  Ions  are 
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collected  with  a  calculated  67  percent  efficiency  (see  above)  and  from  a 

2.5  cm  length  of  the  laser  beam.  The  net  predicted  charge  collected  per  pulse 

is  therefore  6.4  x  10"^^  Coul.  The  measured  charge  is  somewhat  less  than 
-12 

this,  namely  2  x  10  Coul. 

At  the  present  time  we  do  not  know  where  to  attribute  this  discrepancy 
between  calculated  and  measured  ion  current.  One  possibility  is  that  the 
photoionization  cross  section  is  less  than  the  3  x  10”^^  cm^  theoretical 
estimate. However  it  is  not  likely  to  be  <  1  x  10“^^  cm^.  It  is 
■nore  likely  that  the  presence  of  a  cylindrical  plasma  between  the  extraction 
plates  is  dist'^rting  the  extraction  field,  and  hence  spreading  the  ions  into 
larger  angles.  Because  the  plasma  disappears  during  the  extraction  pulse  this 
is  a  time-dependent  effect. 


3.3  MODELLING  OF  PLASMA  EXPANSION 

12  14  -3 

In  a  Li  vapor  density  of  10  to  10  cm  a  photoionization  laser 

-3  -2 

pulse  creates  a  fractional  ionization  of  10  to  10  throughout  the  laser 
beam  volume.  In  the  present  experiments  this  volume  is  a  cylinder  of  radius 
Sr  0.1  cm  and  length  %3  cm.  Under  the  pressure  of  the  electron  gas  this 
plasma  expands  radially  at  a  velocity  of  the  order  of  the  ion  acoustic  veloc¬ 
ity.  As  it  expands  the  electron  temperature  is  cooled  adiabatical ly.  The 
timescale  of  expansion  is  so  fast  (ss  10"^  sec)  that  the  electrons  lose  neg¬ 
ligible  collision  energy  to  either  the  ions  or  the  neutrals,  but  expend  almost 
all  their  energy  on  radial  acceleration  of  the  ions.  Because  the  Li  beam  is 
cold  and  has  a  density  <  10^^  cm"^  the  ions  are  created  at  temperatures 
<  160°K  and  do  not  on  average  collide  with  Li  atoms  during  the  expansion.  The 
electron  ana  Li  plasma  therefore  expands  as  if  the  neutral  atoms  were  not 
there  at  all. 

To  verify  these  assertions  let  us  review  the  rates  for  collisional  re- 

10  -3 

laxation  of  the  electron  energy  at  n^  =10  cm  ,  the  electron  density 
for  the  results  to  be  discussed. 

1 .  Electron-Electron  Relaxation 

The  electron-electron  energy  relaxation  time  is 


t 

ee 


11.4 


T 

e  ^e 

Hg^n  A 


sec 


(3-10) 
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For  our  case  tho  electron  temperature  =  60U6°K  (?  0.52  eV), 
Ag  =  1/1823,  'nA  «  10,  giving 


t 

ee 


1.24  X  10 
n 


sec 


(3-11) 


Therefore  at  n^  =  10^^  the  electron  energy  distribution  relaxes  from  the 
6-function  photoionization  distribution  to  a  Maxwellian  of  the  same  average 
energy  in  a  characteristic  time  of  1.24  nsec. 

2.  Flectron-Ion  Relaxation 

The  electron-ion  energy  relaxation  time  is 


t 


e+ 


where  A. 


A. 


mass  number  of  Li^  =  7 
1/1823 

charge  of  L i  =1 

electron  temperature  -  bOUfi'K 

ion  temperature  <  ISO’h 


whence 


■;.?  X  lu' 


sec. 


(3-12) 


and  at  n^_  =  nenliqible  ion  heating  occurs  in  10  ^  sec. 

3 .  Electron-Neutral  (atom  or  molecule)  Relaxation 

(4  5) 

The  cros:  sections  for  momentum  transfer  are:  ’ 

TT.  'Absolute  Total  Tross  Sections  for  the  Scattering  of  Low-Energy  Electrons 
by  Licnium  Atoms,'  Jaduszliwer,  Tino,  A.,  Bederson,  B.,  and  Miller,  T.M., 
Phys.  Rev.  A,  1249  (1981). 

5.  'Measurements  of  Total  f.ross  Sections  tor  Electron  Scattering  by  Li^ 

(0.5  -  in  eV),'  Miller,  T.M.,  Kasdan,  A.  and  Bederson,  B.,  Phys.  Rev.  A 
25,  1/77  (1982). 
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(Li)  (A^) 


(L1J  (fi^) 


0.5 

ss  200 

541 

1.0 

307 

2.0 

115 

199 

4.0 

88 

10.0 

72 

The  characteristic  cooling  time  of  electrons  through  elastic  collisions 


with  neutrals  of  mass  m^  is 


'"n  ~  2m  n  vo 
e  n 


(3-13) 


where  n  is  the  neutral  density  and  v  is  the  electron  velocity. 

_  _4  13  _3 

For  e  -  Li  relaxation  we  find  t  ~  10  sec  at  n,  .  ~  10  cm  , 

n  Li  2 

whereas  for  e”  -  Li^,  relaxation,  assuming  8  percent  dimer  we  find  t^ «  10  sec. 
Neither  of  these  processes  are  significant  on  the  10~^  sec  timescale  of 
plasma  expansion. 

Reviewing  items  1,  2  and  3  therefore,  we  conclude  that  the  electrons  may 
develop  into  a  Maxwellian  distribution  in  w  10“^  sec,  but  their  only  signif¬ 
icant  energy  loss  on  this  timescale  is  the  work  done  on  expanding  the  plasma. 

The  equations  of  continuity  and  conservation  of  energy  and  momentum  may 
be  written  for  an  axially  symmetric  problem  as 

^  ^  p  3(vr)  (3-14) 

dt  r  3r 


p 


dv  _  ap 
BT  "  3r 


(3-15) 


de  p  3( vr) 

®  cTT  "  ~  r  3r 


(3-16) 
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1 


where  p 
P 


The 


is  tile  mass  density  of  the  plasma 
is  the  internal  pressure 

is  the  velocity  of  radial  motion  of  the  plasma 
is  the  radial  position  coordinate 
is  the  internal  energy  per  unit  mass  of  the  plasma 
"  ions  are  cold,  so  that  the  equation  of  state  is 


P  = 


k  T 


(3-17) 


where  m.  is  the  ion  mass  and  T  is  the  electron  temperature. 
1  e 


Also  in  this  case  t  =  3kT^/2m^,  so  that  e  =  3p/2p. 

We  were  unable  to  find  an  analytical  integration  procedure  for  this  set 
of  equations,  so  a  numerical  integration  was  performed,  using  a  second  order 
accurate  difference  scheme.  A  Lagrangian  approach  was  adopted,  with  a  divi¬ 
sion  of  the  plasma  into  40  radial  zones,  whose  boundaries  moved  with  the  ions. 
To  ensure  energy  conservation  the  electron  energy  was  re-computed  each  time 
step  by  subtraction  of  the  computed  average  ion  kinetic  energy  from  the  ini¬ 
tial  electron  energy. 

The  initial  distribution  of  the  plasma  density  was  taken  as  a  Gaussian, 
which  was  a  good  representation  of  the  experimental  case. 

The  computed  evolution  of  the  plasma  showed  regularities  which  indicated 
that  a  good  analytical  approximation  could  be  made.  Firstly,  the  radial  den¬ 
sity  distribution  res'aini'd  Gaussian,  but  with  an  expanded  radial  scale.  Sec¬ 
ondly,  the  ion  velocity  at  all  times  was  linearly  dependent  on  the  radius. 
Thirdly,  as  expected,  thi*  ions  reached  a  final  asymptotic  velocity  distribu¬ 
tion  controlled  by  the  initial  enerny  of  the  electrons.  It  was  found  that  the 
following  set  of  equations  described  the  numerical  solution  to  an  accuracy  of 
s:  S  percent  in  a  wide  range  of  cases: 


r  =  r  (yt  +  e 

o  '  ‘ 


;3-]8i 
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Nm.  r  Mt) 

p  =  - e  ^  (3-19) 

V  =  r  Y  (1  -  e'^^)  (3-20) 

0 

where  r  is  the  position  at  time  t  of  a  particle  initially  at  r  =  r^,  and 


Y 


(3-21) 


where  r  is  the  initial  1/e  density  radius,  e  is  the  initial  electron 
GO  0 

ene’^oy  and  m,  the  ion  mass.  In  the  expression  for  p,  N  is  the  total  number 
of  ions  per  unit  length  of  the  cy 1 indrical ly  symmetric  plasma  and 

(Yt  -  e-"^)  (3-22) 


IS  the  posituin  of  the  1/e  density  radius  at  time  t. 

Substituting  for  r^^  in  the  expression  for  v  we  obtain 

V  =  c(t)r  (3-23) 

with  c(t)  =  ^  ~  ^  (3-24) 

(Yt  t  e-’*) 

which  expresses  the  linear  dependence  of  velocity  upon  radius  at  time  t. 

Although  the  above  set  of  equations  describes  the  numerical  solutions  to 
5  percent  accuracy,  they  do  not  apparently  form  an  exact  solution  set  to  the 
expansion  equations.  Further  work  is  needed  to  verify  this  point. 
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In  the  estimation  ot  dissociative  attachment  rate  constants  it  is  neces¬ 
sary  to  compute  the  duration  for  which  the  electron  energy  exceeds  the  disso¬ 
ciative  attachment  threshold  energy.  At  late  times  the  electrons  become  very 
cool  due  to  their  loss  of  energy  into  ion  radial  motion.  The  electron  energy 
at  a  given  time  may  be  shown  to  be 


€g(t)  =  e  (2  -  e  (3-25i 

For  a  dissociative  attachment  threshold  energy  of  the  time  t^^^  at  which 
Cp(0  =  IS  given  by 


f  (ir  example,  when  the  electron  initial  e;ier(|)'  is  =  li.FJ  eV  aruJ 

r  =:  0.1  cm  is  the  initial  1/e  plasma  radius,  a  dissociative  attachment 
eo 

threshold  of  €p«  =  U.?b  eV  implies  t^^  =0.34  psec. 

The  plasica  ('xpansuin  therefore  Tin, its  the  tin'e  available  for  nissec  la- 
rive  attachment  to  occur  in  the  present  experiment.  The  inipl  icat  ions  of  tins 
for  experimental  sensitivity  are  discussed  below. 

Plasma  expansion  is  also  one  of  the  causes  of  reduced  ion  collection  ef¬ 
ficiency  when  the  extraction  voltage  is  less  than  its  ?.2  kV  maximum  (see  Fig¬ 
ure  16).  The  expansion  of  the  extracted  ions  continues  down  the  flight  tube. 
The  effect  ot  this  on  ion  collection  efficiency  has  been  modeled  numerically, 
using  the  computed  radial  ion  velocities  and  projecting  them,  with  appropriati* 
flensity  weighting,  onto  the  collector  plate.  The  results,  shown  in  Figure  15 
show  that  plasma  expansion  accounts  for  at  least  part  of  the  reduction  in  col- 
Ifctofl  ions  at  reduced  voltage.  The  remainder  may  be  accounted  for  by  other 
effects  as  discussed  in  Section  3.2  above. 
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.':.4  t.  t.’,  '"I  AM'kl  Mt  NTS  : 

A  Li  Kin  sinnal  iLi  observed  when  Ihe  Li^  (B  -  X)  transition  is 

with  a  sinqle  blue  dye  laser.  This  two-step  photoionization  process  is 
i  1  Li' t  r,i^  ec  >  r  h-'iiia  t  1 1  ,i  1 1  y  in  Liqure  19.  The  same  process  has  previously  been 
"iM  r  vfd  in  1  merit s  where  a  hot,  effusive  Li  beam  has  been  irradiated  with 

.it  Lriinri  ion  laser.  Thi'  present  experiment  is  thought  to  be  the  first  in 

which  a  supersonir  li  tieam  was  involved.  Because  of  the  very  cold  temperatures 
in  *i\^■  bra:'  umisiiallv  (  U-ar  spectra  have  been  recorded  in  which  the  vibrational 
harii:'.  arn  cl.Mr'ly  M-jiarat  i‘.:i  from  each  other  and  also  from  the  minority  ^Li\i 
'peitrar:  <  L  i  rrasist'.  .0  U4  p.-rcerd  ^L  i  and  b  percent  ^Li).  We  have  tuned 
the  Lliic  laser  I'tiarniwuKh  K..'S  Ai  ov(-r  the  range  4h()  nrn  to  480  nm  to  obtain 
the  1  i  st'Oifra"  ^irresi'Cifi.:  i  no  tf.  first  step  excitations  on  the  Lip 
( L:  _  X)  7-1  ,;riwn  to  S-l;  trar. sit  ions. 

In  tins  spMctruP  ttn-  rontribut  ion  from  the  v  =  1  Lip  (X)  state  is  rel¬ 
atively  si'sali  f'or’i.areii  t(  t  tie  v  '■  c ,  ad  r  1  till  t  i  oo ,  inriicatinq  that  the  vibra- 
tioral  relax)?  on  ,d  into  ttie  v  -  o  state  is  >  90  percent  complete  in 

this  expar  sK  II. 

In  figure  17  tfie  L  k,  siunal  is  displayeu  as  a  function  of  Li  over 
ter perat'.re.  For  this  measurenent  the  blue  laser  was  tuned  to  the  maximum  of 

,  ,  g  +  ,  + 

1  tie  e_c  fiar::;,  at  '.bi/./  >■ .  we  note  that  the  LipiLi  signal  ratio  in- 

'  rea'.es  -.or-'  '-airnd'iv  thar.  ihe  L.i,,;i  i  equilibrium  ratio  over  this  temperature 

< 

I  oi  o  ,  a'  -d'l-it  whicti  ;•  i.r i nr  i pa  1  1  y  due  to  the  reduction  in  rotational  temp- 
.raiiire  wh’idi  occurs  at  hiuh  bear'  densities.  This  causes  a  more  dense  popula- 
f  K  I  I  iru-  .1  4,  c,  ri  levels  (ru'ar  the  hand  head)  which  are  effectively  the 

L'.t-'s  ronitirio  in  tfns  particular  ii'easuremc'nt .  A  more  detailed  look  at  the 
I  1  rati!'  in  the  /4(i  (  to  790  (.  oven  temperature  range  showed  that  the 
■.Kical  rati!'  was  ttuifiinq  to  reproduce  tfie  lipiLi  ratio  much  more  closely. 

Ihe  1 .  rotational  t oniperature  was  estimated  by  comparing  the  measured 
r.  f.itional  structure-  on  a  band  with  that  comjiuted  for  different  thermal  dis¬ 
tributions  ot  rotational  states.  In  Fiaure  20  the  Lip  signal  from  the 
'■-b  band  is  shown  tor  an  li  oven  temperature  of  800“C.  The  computed  0-6  band 
‘diapes  for  l(;(;°f:  and  Ibu'K  are  shown  in  Figure  21  and  Figure  22.  In  these 
r a  Ic u  1  at  inns  the  relative  strengths  ot  the  P,  Q  and  R  branches  were  computed 

L.  'Isotope  Fractionation  in  Twn-Stop  Photoionization  of  Lip,'  Rothe,  E.W. 
ine,  Yathur,  B.P.,  Lhem.  Phys.  Lett.  S3,  74  (  1978). 
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f  TjUft  IV  Two-Step  T'hotoioni  zdtiofi  of  L  i 
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Figure  'dO  Li*  Signal  for  Excitation  via  the  X  -  B,  0-6  Band 
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u'-Ui<;  thi'  .if -I  r'l '1  f  1 .1 1 1  "■■t  .  -  ■  •  ■  ■  ■■  • '1.  ;i  .i[isi  1 1 II 1 1'  wrtvi- 1  f  nn  t  hs 

(K) 

wort'  compi.t  t‘i',  ir,  ItM)  'hr  si'ri't  "..I  ft'  "f  r'.'ffl  ,fUl  VUlal.'  ThP 

c<i  I  cii  1  lit  i  on  Wiis  iit'r'T  on:  i-.i  wit»  ;  -  r  orwi;'',  ,t  I  ir  orclrr  to  sirraj- 

latf*  the  Hint  tin!  n  ,.,.r  n  rti'  i'  r.-  .  ■  i  .t  l  .  . 

tron  t  ht  (  Oi'rar'm'M  t  to-  rot  nt  ’  riroriM;,!  rr  nay  b<'  Sf'fri  to  bP  bptwppn 

100'^^  drut  I  tit'  shaiJf  oi  tti*  ‘.I'fi  t  rii'i  i\  rt',f  ,i)ndli  1  y  wt'll  modplpd,  apart 

from  the  heiqht  ot  a  ppaii;  at  'tb/l  A,  wti  u  h  apq/rars  at  br  »:  1.5  tiines  areater 
than  the  model  wotiUi  t'reclict.  Ihr  ryplanation  for  ttns  is  not  obvious.  The 
irost  HnpIv  po'^ntiility  is  ttiat  iti.-  !iit|,it  j,.  dye  last'r  wmt  ttirougti  a  lonqitu- 

ilinai  r’otit'  rpsonanco  at  ttiis  piii'it,  t  tnf .  attrftinM  t  tie  laser  spiertral  inten¬ 

sity  (alttioiii)h  not  oosprvably  varyiriii  tht'  ldS“r  (lulse  ent'rqy).  It  is  also 
possitile  that  sharp  stnirtures  exist  in  the  Lip  photoioni zation  cross  sec¬ 
tion. 

How  does  ttiis  rotational  temiieratnre  of  =  16U°K  compare  with  the  predic¬ 
tion  for  this  beam?  In  Section  3.1  above  Eq.  (3-6)  may  be  used,  together  with 
the  freezinc;  radius  N'ach  number  M  =  3.9  wtiich  applied  for  a  Li  oven  tempera¬ 
ture  of  76(i'’C,  to  predict  a  ‘freezino  ti'mperature'  of  17t)°K.  This  applies  at 
the  artificial  point  where  the  beam  is  supposeil  to  become  col  1  i sion  less,  al¬ 
though  in  reality  a  qradual  transition  occurs  to  collision-free  conditions. 
Nevertheless  it  is  encouraging  that  the  empirical  modelinq  of  beam  diveraence 
implies  a  temperature  reasonably  close  to  that  observed.  In  gome  tro'i  760°i' 
to  the  80l!''C  at  whicti  the  i)-6  banii  was  analyzeii,  a  further  small  derrt'ase  in 
t  emrerat  Lire  is  I'xpected,  because  ttie  f-arti  numlier  at  tne  ireezinq  radius  iri- 
creases. 

froii.  tills  measuri'iii' n',  anti  coii'juir i son,  the  rotatioruil  temperaturi'  is  iis- 
plf'C  to  be  clo'.f  ir:  magnitude  to  the  Irans  1  at  i ona  1  temperature,  which  is  to 
tie  ('xiM' c  ti-d ,  given  fn,:i  Kk'  cruss  sectioie.  tor  Li-i.i,,  rt'tationai  relaxation 

'<  10”^'*  rm'  ;  IS  vi-ry  muen  qriMter  than  that  tor  Li-Li  collisions 
-lb 

!  =::  S  >  ]o  cm'  J.  [  arh  Li  atom  is  colluiitKi  as  frequently  witn  l.i.. 

l 

T7  ^li'ctrTHof  di  atomic  Noler.ult's , '  Herzberg,  G.,  Second  Edition  p.  ?Ljo,  Van 
I'u'str.ind,  NY. 

'The  -  X'  ,’t  i  and  System  of  the  ^L  i  ;>  Molecule,,'  Hessel, 

M.M.  and'Vidal,  c.K.,  .1.  fhem.  Phys.  7o',  4'139  (  1979). 
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fTiolecules  ds  it  is  with  other  Li  atoms.  It  is  therefore  to  be  expected  that 
the  'freeze'  in  rotational  temperature  only  occurs  because  of  a  freeze  in 
translational  temperature. 

The  effectiveness  of  optical  pumping  in  Li2  depends  upon  the  fraction 
of  the  Lip  (v  =  0)  population  accessed  by  the  pump  light.  Clearly  for  the 
band  shapes  presented  above,  high  fractional  pumping  out  of  the  v  =  0  state 
requires  a  broad-bar.d  optical  pump,  of  width  10  A.  In  the  following  sec¬ 
tions  experiments  are  described  in  which  both  narrow-band  and  broad-band  pump¬ 
ing  are  used. 

3.b  blNGLL  LINE  OPTICAL  PUMPING  OF  Lip 

As  one  method  of  creating  a  population  of  highly  excited  Li^  (X)  v* 
states  in  the  beam  we  have  employed  a  dye  laser  of  bandwidth  equal  to  the 
width  of  the  resolved  rotational  structure  of  Figure  20,  i.e.,  0.25  A.  This 
laser,  when  tuned  to  the  B  -  X  band  of  interest,  extracts  the  population  out 
of  a  group  of  rotational  levels  in  the  X,  v  =  0  state.  The  maximum  population 
is  accessed  when  the  laser  is  tuned  to  the  highest  peak  in  a  band  structure 
such  as  that  of  Figure  20.  Taking  the  0-6  band  as  an  example  we  note  that  the 
pronounced  peak  at  the  band  head  is  composed  of  the  following  transitions 


within  a  n.25 

A 

range  (double  prime 

denotes  the 

lower  level): 

fv' 

,  J 

v",  J") 

X  ( nm) 

(6, 

3; 

0,  2) 

456.945 

(6, 

<5; 

0,  3) 

456.946 

(6, 

2; 

0,  1) 

456.951 

(6, 

5; 

0,  4) 

456.954 

(6, 

1; 

0,  0} 

456.964 

(6, 

6; 

0,  5) 

456.969 

To  pun:]) 

on 

the  band  head  with 

a  bandwidth 

of  0.25  A  therefore  accesses 

the  ground  state  rotational  levels  J"  =  0  >  5.  By  taking  the  ratio  of  the 
area  of  this  peak  to  the  whole  band  we  find  that  only  8  percent  of  the  Lip 
population  is  accessed  by  narrow-band  pumping  at  this  beam  temperature. 

Of  the  molecules  pumped  into  the  B  state  ~  50  percent  end  up  in  a  close 
group  of  high  vibrational  levels  in  the  X  state.  The  molecular  radiative  de¬ 
cay  time  IS  9  nsec,  while  the  pump  laser  pulse  duration  is  5  nsec.  During  the 
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pump  pulse  the  qroiip  of  transitions  lyinq  witiiin  the  pump  handwiath  is  satur¬ 
ated,  with  equilibrium  populations  in  the  ratio  of  the  degeneracies  of  the  up¬ 
per  and  lower  levels. 

If 


E 


'j" 


(3-27) 


is  the  lower  level  r'Opiilation  dur'ino  [uimpifuj,  the  up[-f  r  level  population  of 
tile  pufiiped  transitions  becomes 


N  = 
u 


(3-28) 


The  rate  of  spontaneous  decay  of  B  state  molecules  is 

K  .  Uk  (3-29) 

b  U  -> 

d  -1 

where  is  trie  sporitanerius  emissioii  rate  constant  (i.l  x  lU  sec  ). 

As  a  roLicii  approx iinat  i on  N  =  N,  i  U.b  N  where  t.  is  the  initial  rno- 
lecular  population  accessed  by  the  pump  light.  This  population  then  is  de¬ 
pleted  by  spontaneous  emission  according  to 


-  o.s 


-  0.5  A  t 

or  N  ( t )  =  N  e  ^ 

0  o 


( 3-30) 


For  a  silt t  1C  lent  I y  long  pump  pulse  all  of  the  accessed  population  of 
moleriiles  wou lu  undergo  spontaneous  emission  into  X  (v")  states.  However,  for 
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finite  pulses,  because  the  upper  and  lower  populations  have  been  equal  during 
the  pump  pulse  and  the  remaining  upper  population  also  decays  spontaneously 
after  the  end  of  the  pulse  (duration  tp),  the  total  fraction  of  the  accessed 
population  removed  is 


-0.5  A^tp 

(1  -  0.5  e  ) 

lor  i  nominai  5  user  pump  pulse  h?  percent  of  the  accessed  population  is  re- 
(it  this  fraction  ~  50  perceril  decays  into  the  close  X  (v")  group  of 
^taft'.  nr  inti'rest  tor  dissociative  attachment.  The  fraction  of  accessea 
innlci.iles  pi.mped  usetully  is  ttieretore  Tl  percent. 

y.o  have  [lert  or:c»‘d  an  experiment  to  monitor  the  removal  by  optical  pump- 
inn  of  the  nrocp'  or  rotational  levels  in  Li^  (v  =  0)  which  contribute  to  the 
i.-A  handhi  aii  peio  .  In  this  experiment  optical  pumping  was  performed  by  a  sin- 
(ile  I  .  '5  *  I'uls*'  at  iroy..'  A.  After  a  delay  of  100  nsec  a  more  intense  probe 
pulses  was  '  I  anned  throunh  the  0-4  band  to  generate  a  Li^  signal.  The 
data  IS  shr;wf>  in  Figure  F'3  where  the  presence  of  the  pump  may  be  seen  to  cause 
a  47  percent  reductii-n  in  bandhead  intensity  (after  adjustment  for  signal  mag- 
nituoe'i.  [iei,  iuse  ot  rho  difficulty  ot  alignment  in  this  measurement,  this  ob¬ 
servation  waS  subject  to  an  underestimation  error  and  the  real  reduction  could 
hiv'  been  greater  than  this.  As  the  calculation  above  shows,  a  62  percent  re¬ 
duction  in  population  was  expected  theoretically.  Incidentally  this  measure¬ 
ment  implies  that  the  frequency  of  rotational  collisions  in  the  beam  is 
<<  10^  ser”^ . 

(omtiininq  the  above  8  percent  and  31  percent  ratios  we  estimate  that 
,'.5  percent  ot  all  Li.,  (v  =  0)  molecules  are  pumped  into  high  vibrational 

levels  in  our  experimental  conditions  for  narrow-band  optical  pumping. 

•  13-3 

At  a  Li  oven  temperature  of  800*C  the  beam  density  is  1.6  x  10  cm 

in  the  experimental  region  of  which  4  percent  are  Li^  molecules.  Pumping 
2.5  percent  of  these  gives  1.6  x  10^*^  cm"^  Li^  (X,  v")  molecules  avail¬ 
able  for  dissociative  attachment. 

Because  the  beam  is  essentially  collision  free  at  this  point  (Sec- 

_5 

tion  3.1)  these  excited  molecules  are  metastable  over  times  >  10  sec. 
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3.6  BROAD  BAND  OPTICAL  PUMPING  OF  Li^ 

We  have  performed  experiments  in  which  a  broad  band  (10  A)  dye  laser  was 
used  to  simultaneously  pump  all  the  rotational  transitions  in  a  vibrational 
band  of  Li2-  The  laser  we  employed  was  a  flash  lamp-pumped  dye  laser  of 
1.5  iisec  pulse  duration  and  maximum  blue  output  energy  of  «  2  mj  in  the  10  A 
bandwidth.  It  could  be  pulsed  at  up  to  4  Hz,  but  suffered  from  poor  pulse-to- 
pulse  reproducibility  and  an  output  which  decayed  (for  either  thermal  or  chem¬ 
ical  reasons)  with  a  1/e  time  of  3  min.  After  a  10  min  wait,  the  output  would 
fully  recover.  This  behavior  could  be  attributed  to  the  fact  that  the  laser 
concerned  was  a  laboratory  prototype,  based  on  1975  technology,  which  had  not 
been  engineered  for  long-term  operation.  Nevertheless,  a  high  degree  of  opti¬ 
cal  pumping  was  observed  during  the  first  2  min  of  dye  laser  operation.  This 
work  will  be  discussed  in  its  present  state  although  an  improved  flashlamp- 
pumped  dye  laser  recently  purchased  by  AERL  will  be  used  for  further  work. 

An  estimate  may  be  made  of  the  degree  of  pumping  to  be  expected  in  this 
experiment.  For  an  isotopic  molecular  gas  the  absorption  cross  section  is 


<j(  v) 


<v 


V  > 


9 


Sirt 


rad 


(3-31) 


where 


<  V 


V  > 


rad 

q(v  -  v_^^) 


=  the  transition  wavelength 

=  Franck-Condon  overlap  factor  for  the  transition 
(v-J"  >  'v'J') 

=  radiative  lifetime  of  the  upper  level 
=  normalized  line  shape  function,  i.e.. 


Vj^)  du  =  1 
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For  the  (v",  v')  =  (0,  5)  transition  (at  461.8  nm)  the  overlap  factor  is 
0.0126.^^^  Since  t  .  =  8.5  nsec,^^^  we  obtain  for  a  Doppler-broadened 

o  I  —13  2 

line  at  15U°K,  a  (v  .  )  =  1.24  x  10  cm  .  The  saturation  energy  for 
J  K  2 

optical  pumping  hv/o  is  therefore  3.4  uJ  cm  . 

For  optical  pumping  on  this  transition  to  reach  1/e  saturation  after 

_p 

1.5  psec,  a  laser  intensity  of  2.27  W/cm  is  required  within  the  3  GFIz 

,  2 
Doppler  linewidtti.  In  a  10  A  bandwidth  this  equals  1.06  kW/cm  . 

For  the  pre'^nt  experiment,  in  which  2  mJ  were  delivered  in  1.5  usec  to 

2  2 
1  cm  of  the  Li  beam  the  laser  intensity  was  1.3  kW/cm  ,  sufficient  to 

just  saturate  the  transition  according  to  the  above  estimate  (molecules  reach¬ 
ing  the  B  state  decay  into  a  X  (v")  distribution  determined  by  the  Franck- 
Condon  factors). 

Experimentally  the  depletion  of  the  Li„  (v  =  0)  level  was  monitored  by 
+  ‘ 
the  Li^  signal  from  a  N^-pumped  dye  laser  (10  uJ,  5  nsec)  tuned  to  the 

0-3  transition.  This  probe,  or  monitor,  laser  was  fixed  1  usec  after  the  end 
of  the  1.5  iisec  flashlamp  dye  laser  pulse.  The  data  collection  was  compli¬ 
cated  by  the  fact  that  the  broad-band  optical  pump  laser  also  created  a  Li^ 
signal  of  about  the  same  size  as  that  from  the  monitor  laser.  The  ideal  ex¬ 
perimental  effect,  for  a  constant  optical  pumping  laser  energy,  is  shown  in 
Figure  24a.  In  practice  the  pumping  laser  was  decaying  with  time,  leading  to 
an  effect  like  that  in  Figure  24b.  Actual  data  traces  are  shown  In  Figure  25. 
This  data  is  of  a  preliminary  nature  and  is  marred  by  the  electrical  interfer¬ 
ence  of  the  f i ash  1  amp-pumped  laser  as  well  as  its  erratic  pulse-to-pulse  be¬ 
havior,  There  is  evidence  of  a  v  =  0  depopulation  of  up  to  40  percent  in  some 
of  the  traces  we  have  obtained.  Improved  data  should  become  available  with 
the  new  dye  laser  which  is  being  installed. 

Preliminary  work  with  broad-tiand  optical  pumping  has  therefore  demon¬ 
strated  the  removal  of  up  to  40  percent  of  the  X  (v  -  0)  population.  Of  those 
molecules  pumped,  50  peri  enf  decayed  into  a  group  of  levels  close  to  v  =  10  in 

the  Li,  (X)  manifold.  Given  the  initial  li,  density  of  6  x  10^^  cnr-^ 

'  '  11-3 

we  therefore  infer  an  excited  vibrational  population  density  of  1.2  x  10  cm 
in  a  group  of  levels  of  interest  for  dissociative  attachement. 


‘Padiative  Lifetimes  of  the  States  of  Lio,‘  llzer,  T.,  Watson, 

n.K.  and  Dalnarno,  A.,  Ohem.  Phys.  Lett.  55,  (1978). 
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MONITOR  ON 


Figure  24  (a)  Reduction  in  Monitor  Li2  Signal  Due  to  Steady  Optical 

Pumping;  (b)  Reduction  in  Monitor  Li2  Signal  Due  to  Optical 
Pumping  at  Decreasing  Intensity 
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3.7  MEASUKt^rNTS  UF  DISSOCIATIVE  ATTACMMEN 


To  date  we  have  only  partially  explored  the  range  of  conditions  avail¬ 
able  in  this  experiment,  and  have  consequently  only  been  able  to  place  an  up¬ 
per  bound  on  the  dissociative  attachment  rate  constant  for  groups  of  Li^  (X) 
levels  centered  on  v*  =  9.b  and  v*  =  11. 

In  the  experiments  we  measured  the  Li^  signal  due  to  the  photoioniza¬ 
tion  of  Li  (Section  3.2),  and  then  reversed  the  extraction  polarity  to  look 

for  Li"  ions,  with  or  without  optical  pumping  of  Li^.  The  experiments  are 

( 

best  discussed  under  the  separate  headings  of  narrow-  and  wide-band  optical 
pump  1 nq . 


Narrow-Band  Optical  Pumping 


V.hen  two  N^-pumped  dye  lasers  a*'e  used  for  photoioni zat  i on  and  a  third 

^  -f 

is  used  for  optical  pumping  the  experiment  may  be  run  at  bt)  Hz  with  a  Li 

4 

siqna  l-to-noise  ratio  of  1.0  x  10  .  This  implies  that  we  are  able  to  detect 

4 

the  attachment  of  one  electron  in  10  to  form  a  Li  ion.  We  have  observed 
complete  suppression  of  the  electron  siqnal  at  this  level  by  the  crossed  mau- 

netic  field  section  of  the  drift  tube  and  we  are  assuming  that  the  collection 

_  + 

efficiency  for  Li  is  no  different  from  that  for  Li  .  Although  the  ex¬ 
traction  pulse  was  applied  2  usec  after  the  electrons  were  created,  the  plasma 


expansion  did  not  allow  interaction  of  e  with  Li^  (v*)  for  more  than  a 
fraction  of  1  ysec.  Precisely  how  long  depended  on  the  electron  energy  rela¬ 
tive  to  the  threshold  energy  for  dissociative  attachment,  as  discussed  in  Sec¬ 
tion  3.3,  (Eg.  (3-26)).  For  the  present  photoelectron  energy  of  0.53  eV,  ana 


a  threshold  cq^  =  0.25  eV  (for  example),  the  interaction  time  is  t^^  =  0.34  ysec. 
For  a  Li“:M*  signal  ratio  <  10~^  we  require 


n  ^  Li^  (v*)  ^  tp^  £  10 

Using  n  from  Section  3.6  (n  =  1.6  x  10^®  cm"^)  we  obtain  k^^  <  1.8  x  10“®  cm^/sec 
This  is  the  experimental  upper  bound  obtained  from  v*  =  9.5  in  the  case  of 
single-line  optical  pumping.  It  contains  an  assumption  about  the  threshold 
energy  for  dissociative  attachment  from  these  states. 
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(b)  Hrujd-Bdtid  Uptical  Pump  i  nn 

The  brodcl-band  laser  pumped  Li,,  more  effectively  (Lection  3.6),  but 
suffered  from  the  experimental  disadvantages  of; 

1.  Output  decaying  to  zero  over  5  min, 

2.  ±  50  percent  fluctuations  in  pu 1 se-to-pu 1 se  energy, 

3.  Severe  electrical  interference  from  the  flashlamp  drive  current 
pulse, 

4.  h  repetition  rate  of  4  Hz,  giving  poor  signal-averaging. 

Using  this  laser  the  experimental  resolution  was  ~  10  times  worse  than 

-  +  -3 

that  of  the  narrow  band  case,  i.e.,  in  Li  :Li  ratio  of  1  x  10  was  the 
lower  limit  of  detection. 

As  discussed  in  Section  3.6  the  il-6  transition  was  pumped  to  give 
1.?  x  10"^  cirr^  Lip  (v*  =  11)  states.  Using  the  same  t^^  assumption 
as  above. 


n  I  Lip  (v*)  !■  t^iP^  <  ]u 

aives  <  ?.4  x  10”^'  cm'^/sec"^.  Again,  it  snould  be  emphasized  that 
this  rate  constant  contains  an  assuinption  about  the  threshold  energy  for  dis¬ 
sociative  attachment  from  v*  ~H  states,  i.e.,  =  0.25  eV. 

In  the  following  section  the  potential  for  increased  experimental  reso¬ 
lution  IS  explored. 
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4.0  FUTURE  EXPERINENTS 


4.1  SCOPE  FOR  INCREASED  SENSITIVITY  IN  DISSOCIATIVE  ATTACHMENT  MEASUREMENT 

There  are  four  ways  by  which  the  experimental  resolution  of  can  be 
improved  beyond  that  reported  in  the  previous  section: 

i.  Use  of  a  larger  number  of  electrons  and  Li  ions, 

ii.  Increase  of  Li^  (v*)  density  through  the  use  of  higher  beam  den¬ 
sity  and  improved  broad-band  optical  pumping, 

iii.  Increase  of  the  interaction  time  tp^  by  using  a  larger  diameter 
of  plasma  column. 

iv.  Use  of  an  electron  multiplier  in  place  of  the  ion  collector  plate. 
It  is  proposed  to  perform  an  experiment  in  which  both  the  ionization  and 
the  optical  puniping  are  performed  by  a  single  1  psec  pulse  blue  laser.  This 
process  is  illustrated  schematically  in  Figure  19  for  pumping  via  the  v  =  3 
level  in  the  b  state,  but  we  would  pump  higher  levels  up  to  a  limit  of  v  w  9, 
as  discussed  below  (and  illustrated  in  Figure  1).  The  laser  in  question  can 
deliver  100  mo  in  a  10  A  band  with  a  '  1  i.sec  pulse  duration.  It  has  a  repe¬ 
tition  frequency  of  1C  Hz,  which  should  allow  good  signal -averagi ng. 

An  analysis  may  be  made  of  the  ionization  efficiency  for  two-step  photo¬ 
ionization.  Let  I  bo  the  pump  laser  intensity  and  iv^  its  frequency  band¬ 
width,  The  rate  constant  for  removal  of  Li^  (X)  (v  =  0)  states  by  optical 
pumpi ng  i s 

^PUMP  = 

where  «  is  the  wavelength,  hv  is  the  photon  energy,  F  is  the  Franck-Condon 
factor  and  t^^  is  the  Li^  (B  -  X)  radiative  lifetime. 
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Ut  tilt  1,10 1  ecu  It'S  redohing  the  Li„  (B)  state  a  fraction  decays  to 

^  +  _ 

Lip  (X)  (.*)  levels  and  the  rest  are  photo-ionized  to  Li^  e  .  The 
rate  constant  for  photo!  oni  zati  on  is 


opi 

PI  ■  "llv 


(4-2) 


The  fruction  of  pumped  molecules  which  is  photoionized  is 


e 


R 


PI 


PI 


^RAD 


(4-3) 


Given  experimental  conditions  in  which  we  assume  that  the  100  mJ ,  1  ^sec  pulse 

2  .  5  2 

IS  spread  over  a  1  cm  cross  section,  I  =  10  W/cm  ,  For  complete  opti¬ 
cal  pumping  in  1  usec  we  require  R  >  10^  sec“^  and  hence,  by  Eq.  (4-1) 

F  >  2.3  X  10  ^  (4-4 ) 

This  implies  that  we  may  only  pump  up  as  far  as  the  0-9  transition  (444  nm) 
for  wnich  F  =  1.3  x  10'^. 

Assuming  that  Eq.  (4-4)  is  satisified,  the  fraction  of  Lip  (X)  mole¬ 
cules  ionized  is  given  by  Eq.  (4-3).  Assuming  Opj  =  3  x  10'^^  cm^  we 
obtd in  e  =  0 . 054 . 

using  the  above  numbers  we  may  estimate  the  experimental  sensitivity  for 

^UA- 

Let  us  suppose  that  the  beam  density  is  given  by  the  maximum  achievable 
in  this  apparatus  n  (Li)  =  8  x  10^^  cm  with  5  percent  dimer,  i.e., 
n  (Lip)  ^  4  X  10  cm  .  For  complete  optical  pumping,  as  described 
above,  n  jLi  (X)  (v*)}  =  4  x  10^^  cm  The  Li 2,  e"  plasma  density 
is  e  X  n  (Lip)  =  2.2  x  10^^  cm'^. 
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because  the  plasma  column  diameter  is  laryer,  its  expansion  occurs  more 
slowly  and  t^^,  the  interaction  time  for  electrons,  is  greater  than  in  the 
previous  work  (Section  3.7).  If  the  1  cm^  beam  is  of  circular  section  its 
radius  r^^  =  0.56  cm.  For  photoionization  at  444  nm  the  photoelectron  en¬ 
ergy  =  0.45  eV.  Using  Eq.  (3-21), 


and  from  Eq.  (3-26) 


t 


DA 


=  -  2.27  X  10'^  -n 


4  X  10^ 

-1 

sec 

1  -  4) 

_ 

“"o 

(4-5) 


(4-5) 


where  is  the  threshold  energy  for  dissociative  attachment. 

If  we  assume  tfiat  the  ion  detection  limit  is  at  the  same  noise  level  as 
in  the  previous  experiments  (Section  3.7),  the  increased  number  of  electrons 
in  this  experiment  shcula  allow  the  measurement  of  1  x  10  ^  attachment  prob¬ 
ability.  The  sensitivity  on  is  therefore 

^uA  '  *'-’2*  ^  ^DA 


(4-6) 


Cj  r  K  .  ’  '  1  .  1  A  1 U  ,  n 

i)h 


'DA 
f  0 


This  function  is  plotted  in  Figure  26  for  the  case  of  =  0.45  eV  corres¬ 
ponding  to  0-9  pumping. 

Reviewing  the  above  we  conclude  that  an  experimental  determination  of 
with  very  good  resolution  should  be  possible  using  two-step  photoioniza¬ 
tion  and  broad-band  pumping,  botfi  performed  by  the  same  blue  laser. 
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RESOLUTION  LIMIT 


other  combinations  of  laser  are  possible;  but  do  not  give  such  good  res- 

+ 

olution.  For  instance,  to  create  the  Li  +  e  plasma  by  three-step  photo¬ 
ionization  of  Li  and  to  perform  optical  pumping  with  the  100  mJ  blue  laser 
would  give  a  resolution  of  i  1  ^  10'^^  cm^/sec"^.  Nevertheless 
this  technique  would  have  to  be  used  if  were  to  be  studied  as  a  function 
of  the  electron  energy. 

The  use  of  an  electron  multiplier  would  make  an  estimate  of  the 
_  + 

Li  ;Li  current  ratio  much  less  direct  and  would  decrease  the  accuracy  of 
any  kp^  determination. 

4.2  PHOTOIOhiZATIOh  OF  Li^  (B)  STATL 

The  present  experiment,  operating  at  moderate  temperatures  (=  800‘’C)  and 
usi  ig  the  10  ,  60  Hz  N^-pumped  dye  lasers,  is  capable  of  yielding  good 

signal -to-no) se  data  of  Li2  formed  by  the  photoionization  of  Li^  (B). 

This  process  is  illustrated  for  the  v'  =  3  level  in  Figure  19,  and  a  typical 
spectrum  is  shown  in  Figure  20.  A  further  measurement  which  is  of  consider¬ 
able  scientific  interest  may  be  obtained  in  the  same  conditions,  namely  the 
wavelength  dependence  of  the  photoioriizati on  cross  section  of  the  Li^  (B) 
state.  To  obtain  this  two  blue  lasers  are  used,  one  at  a  fixed  frequency  to 
select  a  given  Li^  (C)  (v‘,  J')  state  and  the  second  one  to  scan  in  wave¬ 
length  from  the  photoioni zation  threshold  onwards. 

The  accumulation  of  this  new  data  for  Li^,  in  ultracold  beam  condi¬ 
tions,  would  provide  a  very  useful  benchmark  for  testing  theoretical  models  of 
molecular  photoionization  and  for  the  evaluation  of  the  ab  initio  methods  in 
quantum  chemistry. 
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